The nonlinear absorption of two-dimensional molybdenum disulfide was analyzed using the Zscan technique. Sample size corresponding to a number of later determines the band gap in the materials which play the key role for nonlinearity. Exciton dipole transition from ground state to excited state for monolayer and bilayer/multilayer is determined by the excitation source, ESA and GSA values. If the band gap is wider than the excitation source, two-photon excitation process is dominant which requires the larger ESA than GSA. For narrower bandgap, one-photon excitation is favorable because of the larger GSA than ESA. In addition, defects, the temperature may alter the band gap. Therefore, the transition from RSA to SA and vice versa is determined by the number of layers in materials, temperature, and defects for a given excitation energy.
INTRODUCTION
The nonlinear absorption properties (NLA) of the MoS2 atomic layer is of great interest in the photonic applications including optical Q-switching, optical power limiting, and mode-locking etc [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It arises due to the displacement of the electron cloud from the surrounding of a nucleus which results in polarization response in materials for the given applied field. The nonlinear absorption comprises the saturable absorption (SA) and reverse saturable absorption (RSA) which depends on the resonant and nonresonant excitation for a given excitation source [19 -24] . The SA refers as no further absorption at above the saturation excitation intensity whereas RSA corresponds to the reduction of nonlinear transmittance as the excitation intensity increases. The SA and RSA characteristics and their possible nonlinear optical transition have been studying for varying sample size, excitation source for different input peak intensities. For example; Zhang et al [25] observed RSA for 25-27 layers using 1030 nm and 800 nm excitation source via two-photon absorption process due to the wider band gap on the material than the excitation source. However, for 72-74 layer, one-photon absorption process results in the SA because of narrower band gap than the excitation source. Again, Zhou et al [26] described the sample size dependent RSA and SA properties using 532 nm excitation source. They observed RSA properties for 50-60 nm and SA properties for more than 100 nm thickness. However, both thickness limit could be considered as the multilayer with narrower indirect band gap than their excitation laser source which might be supposed to be the one-photon excitation process [25] . Qiuyan et al [3] reported that the intensity-dependent NLA is exhibiting the transition from RSA and SA and vice versa based on the applied input peak intensity. In addition, the optical transition for a given excitation source may include one-photon absorption, two-step absorption with one-photon for each step, two-photon absorption to the real final state through a virtual intermediate state. Furthermore, the polarity of NLA is controlled by the absorption cross section in excited state and ground state. Therefore this study carefully analyses polarity of NLA based on the electronic band structure for varying sample size and their absorption cross-section mediated optical transition from ground state to excited state.
ANALYTICAL DETAILS
The NLA of MoS2 atomic layer was analyzed by the Z-scan technique for the 785 nm excitation source. The Z-scan technique measures the polarity and magnitude of NLA via the normalized transmittance as a function of sample position moving across the focus point using Gaussian beam
along the optics axis (or z-axis). The normalized nonlinear transmittance (T) is [21] [23] [27] is
given by,
is the sample thickness, Io is the peak excitation intensity of the beam at the focus point, S is the linear transmittance at the aperture, αo is the linear absorption coefficient, and β is the nonlinear absorption coefficient. For the experiment, the scattering effect could be minimized by the condition of thin sample approximation (TSA). In TSA, the sample size is smaller than the
, where wo is the beam radius at the focus plane and k is the wave number vector.
In addition, the nonlinear absorption coefficient is [3] 
RESULT AND DISCUSSION
The normalized transmittance as the function of sample position and excitation peak intensity for a MoS2 monolayer and bilayer/multilayer are shown in figure 1 and 2 respectively. The transmittance decreases as sample moves to the focus point and vice versa which results in the RSA in the MoS2 monolayer of as shown in fig. 1 [28] [29] . The monolayer has the direct band gap ~1.9 eV which is wider than the excitation energy 785 nm (1.58 eV) such that two-photon excitation is dominant. This is due to the electric dipole transition from the initial to the final state via the virtual intermediate state which results in RSA or positive nonlinear absorption. RSA requires the larger ESA than GSA. Generally, this phenomenon is related to the non-resonant excitation process.
Therefore, a monolayer of MoS2 can significantly obstruct high-intensity light but let low-intensity light to transmit which indicates the optical limiting effects. At higher peak intensity, the normalized transmittance starts to increase which may tell us the involvement of higher order nonlinearity. to the focal plane. This could be a problem in the case of inhomogeneous samples, where a different area of the sample will be measured at each scan distance, leading to very inconsistent data; also a major advantage of this method is that the sample is no longer passing through the focus and the probability of damaging is lowered; another huge advantage came from the fact that by using this method it is easier to observe high-order effects. The variation of ESA determines the RSA or SA which further supports the phenomena in figures 2 and 3. In SA (red color in bottom contour), the population in the ground state starts to deplete as increasing excitation intensity. After reaching high enough (or saturation) intensity, there are no more populations in the ground state to excite which notify the saturation of absorption and becomes constant after saturation intensity. However, figure 4 doesn't show the constant transmittance after saturation intensity due to the involvement of higher-order nonlinearity than third-order. The Similar description goes to RSA. Another factor that may affect to crossover from SA to RSA and vice versa, is the temperature. As the temperature increases, the material's thermal energy is increased which results in the higher atomic vibration amplitude. The larger atomic spacing in higher temperature reduces the potential energy that results in the lower energy band gap. Therefore, the temperature modifies the band gap of the semiconductor by O'Donnell equation as [30] ,
where,   0 g E is the band gap at 0 K. S is the dimensionless coupling constant and   is the average phonon energy. As mention above, changeable band gap by temperature may change the NLA process for a given excitation energy source. In addition, defects or vacancies modify the band gap that may affect to the NLA
CONCLUSION
Nonlinear absorption properties of MoS2 atomic layers show both positive and negative nonlinear absorption phenomena depending on sample size which corresponds to the number of layers. The monolayer of MoS2 shows the RSA (positive) due to the larger ESA than GSA, whereas Bilayer/Multilayer shows the SA (negative). If the band gap of material is narrower than the excitation energy, one-photon excitation is dominant that allows the electric dipole transition from initial state to final state due to different parities between them. However, two-photon excitation process becomes favorable only if the band gap of material is wider than the excitation energy. In two-photon excitation, electric dipole transition from initial state to final state is allowed due to the similar parities between them via the virtual intermediate state. Therefore, these all nonlinear absorption phenomena in MoS2 atomic layers show promising candidates for Q-switching, modelocked and optical limiting devices in the field of photonic and optoelectronic applications.
